The structural, energetic, and magnetic properties of Pt atoms and dimers adsorbed on a Ni-supported graphene layer have been investigated using density-functional calculations, including the influence of dispersion forces and of spin-orbit coupling. Dispersion forces are found to be essential to stabilize a chemisorbed graphene layer on the Ni(111) surface. The presence of the Ni-substrate leads not only to a stronger interaction of Pt atoms and dimers with graphene but also to a locally increased binding between graphene and the substrate and a complex reconstruction of the adlayer. The stronger binding of the dimer also stabilizes a flat adsorption geometry in contrast to the upright geometry on a free-standing graphene layer. These effects are further enhanced by dispersion corrections. Isolated Pt adatoms and flat dimers are found to be non-magnetic, while an upright Pt dimer has strongly anisotropic spin and orbital moments. For the clean C/Ni(111) system, we calculate an in-plane magnetic anisotropy, which is also conserved in the presence of isolated Pt adatoms. Surprisingly, upright Pt-dimers induce a re-orientation of the easy magnetic axis to a direction perpendicular to the surface, in analogy to Pt 2 on a free-standing graphene layer and to the axial anisotropy of a gas-phase Pt 2 dimer.
I. INTRODUCTION
The fabrication of free-standing layers of graphene 1 in 2004 has spurred an intense interest in the outstanding structural and electronic properties of this material and its potential applications in spintronics and optoelectronics. Graphene is a two-dimensional zero-gap semiconductor, with a linear dispersion relation of the electronic eigenstates around the Fermi level. Hence, electrons with energies close to E F can be considered as two-dimensional Dirac fermions, with the velocity of light replaced by the Fermi velocity v F of the electrons. For this reason, graphene is of great interest for fundamental studies in quantum electrodynamics. The potential applications of graphene have also revived the interest in metal-graphene interactions. Graphene layers bound to transition-metal surfaces with a small lattice mismatch have been studied already earlier (see, e.g., Ref. 2 ), but very recent studies have shed new light especially on the magnetic properties of the carbon atoms in transition-metal supported graphene layers. [3] [4] [5] In recent experimental studies 6 of the interaction of transition-metal and noble-metal atoms with a suspended graphene layer it was concluded that transitionmetal atoms interact only weakly with graphene, they do not form continuous films but clusters or nanocrystals. This conclusion is supported by our recent theoretical studies of the formation of Pt clusters on free graphene layers 7 where we found that the clusters bind to the graphene layer only via one or two Pt atoms. The magnetic moments on these atoms a) Electronic mail: juergen.hafner@univie.ac.at.
are strongly quenched, leading to a rather inhomogeneous magnetic structure of the graphene-supported clusters.
The formation of transition-metal clusters on graphene supported on non-magnetic metallic substrates such as Ir(111) (Ref. 8) or Ru(0001) (Ref. 9 ) has been studied experimentally and theoretically. 10 The lattice mismatch between the substrate and the graphene overlayer leads to the formation of a Moiré pattern in a corrugated graphene layer influencing the growth and morphology of clusters deposited on this substrate. From the theoretical side, recent studies 11 have shown that a correct description of the dispersion forces between the graphene layer and the metallic surface is required for a quantitatively correct description of the structural corrugation in the Moiré pattern.
This raises the question whether density-functional theory (DFT) is the proper tool for describing graphene layers on metallic substrates. Vanin et al., 12 Hamada and Otani, 13 and Sławińska et al. 14 have presented systematic investigations of graphene layers on various close-packed transition-metal surfaces, based on the local-density approximation (LDA), the generalized gradient approximation (GGA, using the revPBE (Ref. 15 ) exchange-correlation functional), with and without including semi-empirical dispersion corrections as proposed by Grimme, 16, 17 or using the nonlocal "van der Waals functional" (vdW-DFT) proposed by Lundqvist et al. [18] [19] [20] to account for dispersion forces. For the noble metals, for Pt and Al weak binding between graphene and the substrate is predicted by both LDA and vdW-DFT, whereas GGA predicts no binding at all. For Ni and Co substrates LDA predicts a too strong binding of the adlayer, with the theoretical metal-graphene distances slightly lower than estimated from experiment, while GGA finds no binding at all. According to Hamada and Otani 13 the results achieved with a nonlocal vdW-DFT correlation functional depend on the choice of a particular variant of the nonlocal vdW-correlation [18] [19] [20] and, most importantly, of the exchange functional to be combined with the nonlocal correlation functional. If the PBE exchange functional, modified such as to mimic the Hartree-Fock energy 22 is used, a large distance of ∼3.7 Å between the graphene layer and the metal surface was calculated for all substrates. If an exchange functional proposed by Cooper, 23 modified such as to yield improved agreement with high-level quantum-chemical calculations is used, significantly shorter graphene-metal distances are found, in good agreement with experiment for Ni (Refs. 2 and 21) and Pt. 24 Very recently Olsen et al. 25 and Mittendorfer et al. 26 used the random phase approximation (RPA), combined with the adiabatic connection and fluctuation dissipation theorem (ACFDT) as proposed by Harl and Kresse, 27 to investigate the adhesion of a graphene layer on metallic substrates. Lebègue et al. 28 had shown that this approach yields very accurate results for the interlayer distance and the cohesive energy of graphite. Both studies 25, 26 demonstrated that for strong-binding substrates such as Ni or Co, the binding energy of a graphene layer has two energetically almost degenerate minima, one at larger distances of ∼3.5 Å representing a physisorbed adlayer and one at smaller distances around 2.2 Å representing the chemisorbed state. GGA calculations predict a local energy minimum at the chemisorbed state but no physisorption, the vdW-functional (in the version originally proposed 18, 19 ) predicts physisorption but no chemisorption.
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A chemisorbed minimum is found with the modified vdW functionals developed recently by Klimeš et al., 29 but the relative depths of the physisorbed and chemisorbed minima are found to be extremely sensitive to a judicious combination of the local and nonlocal contributions to the functional. 26 Given the uncertainty of the proper choice of a vdWfunctional and the computational complexity of the RPA-ACFDT approach (which both can currently be applied only to a fixed geometry), the simpler dispersion corrections offered by the semi-empirical force fields of Grimme 16, 17 remain of interest. It has been demonstrated that the Grimme approach leads to quantitatively accurate results for graphite, 30 in good agreement with the RPA. The method has also been demonstrated to work for graphene/Au(111). 14 For graphene/Ni(111) different structures have been proposed. From experiment Gamo et al. 2 found that the most stable structure is top-fcc [i.e., half of the carbon atoms are located on-top of Ni atoms and half in the face-centered cubic (fcc) hollows of the (111) surface], whereas Rosei et al. 31 and Klink et al. 32 suggested that the stable structure is hexagonal close-packed (hcp)-fcc, i.e., the carbon atoms occupy both types of three-fold hollows on the surface of the substrate. Very recently Zhao et al. 33 reported from combined high-resolution x-ray photoelectron spectroscopy and ab initio DFT calculations the co-existence of two structures for graphene/Ni(111), top-fcc and bridge-top. The DFT calculations include semi-empirical dispersion corrections 34 and find both structures to be energetically degenerate within about 0.3 kJ/mole and C-Ni distances of about 2.2 Å, in good agreement with experiment. The two competing structures have been identified by their different core-level shifts, for both configurations the DFT-calculated level shifts are in good agreement with experiment. Different structures had also been considered by Fuentes-Cabrera et al. 35 in calculations using both the LDA and the GGA. The GGA calculations predict that, irrespective of the structure, a graphene layer on Ni(111) does not bind to the substrate. Only for a hcp/fcc structure a weakly physisorbed layer at a distance of 3.6 Å from the Ni layer was found to be marginally stable. In LDA, the top/fcc and top/bridge structures were found to be energetically almost degenerate, with Ni-graphene distances of about 2.01 Å and 1.95 Å, respectively. This is another illustration of the well-known fact that the overbinding characteristic for the LDA predicts a binding interaction also in cases where it is promoted only by dispersion forces. For this reason, in several theoretical studies 36, 37 the LDA has been preferred over the GGA. It must be emphasized, however, that physically, the binding caused by a too strong exchange contribution to the exchange-correlation functional is very different from the dynamical correlation effects promoting van der Waals interactions.
For ultrathin films of graphite sandwiched between ferromagnetic Ni(111) and Co(0001) leads, Karpan et al. 37 have suggested almost perfect spin filtering properties. There is almost no lattice-mismatch between graphene and these two close-packed metal surfaces, but the strong hybridization between the C-π and metal-d states at the interface modifies the electronic structure of the graphene layer. The recent experimental work of Dedkov and Fonin 5 based on x-ray adsorption spectroscopy and x-ray magnetic circular dichroism (XMCD) has demonstrated that a small magnetic moment is induced in the graphene layer, leading to an exchange splitting of the eigenstates at the Dirac point by about 0.3 eV and affecting the spin-filtering properties.
The present work is focused on the investigation of Pt atoms and dimers deposited on graphene support on a Ni(111) substrate. Our interest is motivated by several interesting observations: (i) Small Pt clusters in the gas phase carry a magnetic moment. (ii) Strong relativistic effects lead to the formation of a large orbital moment and a large magnetic anisotropy energy (MAE). (iii) Spin-orbit coupling (SOC) influences not only the magnetic but also the structural properties of the clusters. 38 (iv) Pt clusters bind only weakly to a graphene layer via one or two Pt atoms and preserve a large, only slightly reduced orbital moment and MAE. 7 (v) Nanostructured systems combining a ferromagnetic 3d-metal with a 5d-metal contributing a strong spin-orbit coupling are a possible way to achieve a high magnetic anisotropy energy. In the present work, our interest is concentrated on the interaction of the magnetic adatoms with the ferromagnetic substrate through the graphene layer. Our calculations are based on density-functional theory, including spin-orbit coupling effects and semi-empirical corrections for dispersion forces.
II. COMPUTATIONAL DETAILS
The electronic structure calculations and structural optimizations reported here are based on DFT as implemented in the Vienna ab initio simulation package VASP. 39, 40 VASP performs an iterative solution of the Kohn-Sham equations within a plane-wave basis and using periodic boundary conditions. The basis set contained plane waves with a maximum kinetic energy of 500 eV. For electronic exchange and correlation effects the semilocal Perdew-Wang functional 41 in the GGA and the spin-interpolation proposed by Vosko et al. 42 were used. The electron-ion interactions were treated in the projector-augmented-wave (PAW) formalism. 40, 43 The PAW approach produces the exact all-electron potentials and charge densities and hence avoids the need to use elaborate nonlinear core corrections, which is particularly important for magnetic elements. The PAW potentials have been derived from fully relativistic calculations of the atomic or ionic reference calculations.
A. Dispersion corrections
DFT calculations do not account for van der Waals (dispersion) forces. Dispersion corrections have been computed using the semi-empirical force-field proposed by Grimme et al. 16, 17 In this method, the total energy of the system is defined as a sum of the self-consistent Kohn Sham energy (E KS-DFT ) and a semi-empirical dispersion correction (E disp ),
The van der Waals energy is described by long-range dipole-dipole interactions,
where N at denotes the total number of atoms, R ij the distance between atoms i and j, and C ij 6 is a parameter determining the strength of the pairwise interactions. The C ij 6 parameters for a pair of atoms are defined as C i 6 C j 6 and the C i 6 parameters have been optimized to describe the bonding properties of element i in a large set of molecular systems. A cutoff function f(R ij ) is used, on one hand to prevent too strong interactions between neighboring atoms and on the other hand to restrict computational requirements for long-range interactions in solids. The scaling factor s 6 accounts for the differences between different GGA functionals. Here, we have used the parameters tabulated by Grimme et al. 16 for the PBE functional. The recent work of Grimme et al. 17 has demonstrated that the simple pair-potential approach yields van der Waals energies in good agreement with more sophisticated methods based on nonlocal exchange-correlation functionals. The pairpotential approach also permits a straightforward calculation of the dispersion forces in structural optimizations. Very recently, Grimme's DFT+d approach has been implemented in VASP code by Bučko et al. 30 and applied to calculate the structures and binding energies of a large number of solids where dispersion forces play an important role.
B. Spin-orbit coupling
For each system considered here, two sets of calculations were performed, one on a scalar-relativistic level, and the second-one including SOC. Spin-orbit coupling has been implemented in VASP by Kresse and Lebacq, 44 following the approach of Kleinman 45 and MacDonald et al. 46 The relativistic Hamiltonian containing all relativistic corrections up to order α 2 (where α is the fine-structure constant) is recast in the form of 2 × 2 matrices in spin-space by re-expressing the eigenstates of the total angular momentum in terms of a tensor product of regular angular momentum eigenstates |l, m and the eigenstates of the z-component of the Pauli spin matrices. The relativistic effective potential consists of a term diagonal in spin-space which contains the mass-velocity and Darwin corrections. The nondiagonal contributions in spin-space arise from the spin-orbit coupling but also from the exchangecorrelation potential when the system under consideration displays a noncollinear magnetization density. Calculations including spin-orbit coupling have therefore to be performed in the noncollinear mode implemented in VASP by Hobbs et al. 47 and Marsman and Hafner. 48 Magnetic anisotropy energies have been calculated as total energy differences from calculations with different orientations of the magnetic moments. For a more detailed description of the SOC implementation in VASP we also refer the readers to our recent paper. 
C. Structural model
The graphene/Ni(111) complex was represented by a periodically repeated unit cell containing the graphene layer supported on a slab with four Ni layers, containing 48 C-atoms in the graphene layer and 24 Ni atoms per layer of the substrate. Repeated slabs are separated by 20 Å of vacuum, such that the interaction between the repeated images is negligible. The Brillouin zone was sampled using 6 × 6 × 1 -centered k-point mesh and using a Gaussian smearing of 0.02 eV. Electronic densities of states were calculated using the tetrahedron method.
Pt atoms and dimers, with an initial geometry determined for free clusters in earlier calculations 38 were placed on top of the graphene layer. At one adatom or dimer per surface cell, the coverage is about 2 (4)% for isolated adatoms (dimers), corresponding to the higher coverage case studied in our recent work on Pt of free-standing graphene. The adsorbate/graphene/substrate complex was relaxed, keeping the two lowest Ni layers in their bulk-like positions until the forces on all atoms were less than 25 meV/Å. Simultaneously, the electronic and magnetic degrees of freedom were relaxed until the change in total energy between successive iteration steps was smaller than 10 −7 eV.
III. RESULTS AND DISCUSSION

A. Graphene supported on Ni(111)
The C-atoms in the graphene layer have been positioned on top of the atoms and into the fcc hollows of the Ni(111) face. According to both experiment 2, 33 and recent ab initio calculations, 26, 33, 50 this top/fcc configuration is a stable configuration of a graphene sheet supported on Ni(111). The possibly competing bridge/top configuration has not been considered here. The lattice constant of this lattice-matched graphene layer is 2.49 Å, which is 1/ √ 2 of the fcc-Ni lattice constant of 3.52 Å (theoretical value in agreement with experiment). The hexagonal lattice constant of a free-standing graphene layer is 2.44 Å (C-C distance 1.41 Å), 7 leading to a mismatch of only 2 pct.
The binding energy between the graphene layer and the Ni substrate was calculated according to
where E graph/Ni(111) , E Ni(111) , and E graph. stand for the total energy of the graphene/Ni(111) system, the slab representing the clean Ni(111) surface, and the free-standing graphene sheet, respectively.
In accordance with the previous DFT studies (see, e.g., Refs. 12, 25, 26, and 35,) the GGA calculations predict no binding of the graphene sheet to the Ni substrate, but only a plateau or very shallow local minimum at positive (endothermic) binding energy at a graphene-Ni distance of 2.3 Å, which is accidentally only slightly larger than the experimental value of 2.1 Å. 2 The interatomic distances between the successive layers in the graphene-covered Ni-slab are 2.035, 2.038, and 2.035 Å, almost identical to the interlayer distances close to the clean, relaxed Ni(111) surface (2.034, 2.036, and 2.034 Å).
Although the free-standing ideal graphene sheet is nonmagnetic, the binding to the Ni(111) surface induces a weak magnetic polarization of the C-atoms. The C-atoms located on top of Ni atoms carry a magnetic moment of −0.014 μ B /atom, whereas atoms in a fcc-hollow have a moment of +0.017 μ B /atom, where − (+) stands for antiparallel (parallel) orientation of the magnetic moment with respect to the magnetic moments in the Ni-slab. A weak induced magnetism of carbon atoms in the graphene/Ni(111) system has also been observed experimentally. 3, 5 However, the orientation of individual magnetic moments at different atomic sites cannot be determined from the experimental XMCD data. Sawada et al. 51 derived from their DFT calculations magnetic moments on carbon atoms of +0.021 and −0.027 μ B /atom. The Ni atoms carry magnetic spin moments of 0.54, 0.62, and 0.65 μ B /atom in the 1st, 2nd, and successive layers, respectively. Compared to a bare Ni(111) surface only the magnetic moment in the 1st layer is quenched due to the presence of C adlayer (0.65 μ B /atom at the clean surface).
Dispersion corrections
To correct the inaccurate GGA-binding energy we have repeated the calculation employing the DFT+d method of Grimme. 16 Within this method E B is corrected to −109 meV/C-atom (negative value means that the graphene is bound to the Ni substrate), but both the graphene-Ni distance and the magnetic moments remain practically unchanged. Both binding energy and distance are in very good agreement with the chemisorbed state identified in the RPA-ACFDT calculations of Olsen et al. 25 and Mittendorfer et al. 26 [E B = −78(−67) meV/C-atom, C layer 2.3(2.17) Å above the substrate, results in parentheses are from Mittendorfer et al.] . The vdW correction tends, however, to shorten the Niinteratomic distances, which within this approximation are 2.020, 2.018, and 2.020 Å, therefor the Ni-slab-geometry was taken from the standard GGA calculations and kept frozen whenever we used the vdW correction.
Spin-orbit coupling
Spin-orbit coupling leaves the spin moments in adlayer and substrate unchanged, independent of the orientation of the magnetization. The graphene/Ni(111) system exhibits rather small in-plane MAE of 0.145 meV/atom. The orbital moments of the Ni atoms are 0.065, 0.054, 0.056, and 0.075 μ B in the first and subsequent layers for in-plane magnetization, and 0.045, 0.053, 0.053, and 0.046 μ B for perpendicular magnetization. Spin and orbital moments are strictly parallel. The slightly larger orbital moments for easy-axis orientation correspond to the classical picture of magnetic anisotropy.
Electronic structure
The electronic structure of the graphene layer is strongly modified by the interaction with the Ni substrate. Figures 1(a) and 1(b) show the electronic density of states (DOS) of a free-standing graphene layer and a layer supported on Ni(111), with a Ni-C distance as optimized including dispersion forces. While for the free-standing layer the DOS close to the Fermi level shows the form characteristic for the linear dispersion relations, it is strongly modified by the interaction with the magnetic substrate and the spin-polarization induced in the graphene. The hybridization with the 3d-states of Ni leads to the formation of two peaks in the C-p DOS coincident with the peaks in the substrate DOS. Due to the exchange splitting, the C-p spin-up DOS shows a local minimum, the spin-down DOS a local maximum at the Fermi level. The exchange-splitting of about 0.5 eV is in good agreement with the experimental estimate. 5 The hybridization of the π and π bands of graphene with the substrate states is very essential for the stabilization of a chemisorbed state with a short C-Ni interlayer distances. Mittendorfer et al. 26 have pointed out that at the larger distance of the physisorbed state, the hybridization has disappeared almost completely.
B. Pt adatom on graphene/Ni(111)
Geometric properties
A single Pt atom has been placed into an on top (ot), bridge (br) or six-fold hollow (6 h) position of the graphene layer (see Fig. 2 ). The adsorption energy of a Pt atom or cluster is calculated as the difference in the total energies according to
where E Pt n stands for the total energy of an isolated Pt n cluster (or atom for n = 1).
As for a Pt adatom on a free-standing graphene sheet, the br-position is found to be energetically most favorable, followed by the ot and 6 h sites. The binding of the Pt adatoms to the substrate is much stronger than in the absence of the support. The adsorption energies E ad are −3.010(−1.603), −2.288(−1.357), and −1.601(−0.792) eV/Pt-atom for br, ot, to a stronger binding between graphene and the Ni substrate such that the Pt atom is located in the center of a deep, rather broad depression of the adlayer (see Fig. 3 ). The C atoms connecting directly to the Pt atoms, however, move slightly outwards (such as the C atoms of a free-standing graphene layer).
A Pt atom in a br position is located 1.96 Å above the atoms forming the C-C bridge, but 2.25 Å above the average height of the C atoms. For a Pt adatom in a br site the corrugation amplitude is 0.783 Å in the C-layer, and 0.268, 0.174, 0.134 Å in the 1st, 2nd, and 3rd Ni layers. Following the trend in the adsorption energies, the corrugation of the graphene layer decreases from 0.783 Å to 0.429 Å and 0.126 Å for br-, ot-, and 6 h-positions. The Ni atoms directly below the Pt atom move outward, the buckling amplitude of the first Ni layer decreases in the same sequence: 0.268, 0.090, and 0.034 Å, for br-,ot-, and 6 h-sites. Interestingly, the mean distances between Ni layers is hardly changed, at most by about 0.005 Å. reports the buckling amplitudes of the graphene and the first Ni layer, the graphene-Ni distance at the boundary of the computational cell, the height of Pt over the C-C bridge, and the height of the C-C bridge above the lowest atoms in the graphene layer. All geometrical parameters are given in Å, they refer to DFT calculations without dispersion corrections, cf. Table I and text.
Dispersion corrections
If dispersion corrections are taken into account (but keeping the geometry of the Ni substrate frozen as determined in the GGA calculations), the binding energy of a Pt adatom in a br position increases to −3.272 eV/Pt atom. The height of the Pt atom above the graphene layer is 2.28 Å, compared to 2.25 Å without dispersion corrections, while the graphene-Ni distance is reduced from 2.35 Å to 2.20 Å. The most important structural effect of the vdW forces is the reduction of the corrugation amplitude to 0.43 Å. If the two top layers of the Ni-substrate are also allowed to relax under the influence of the dispersion forces, the Pt-C and C-Ni distances remain unchanged, but the interlayer distances are reduced to 2.01 and 2.00 Å. The corrugation amplitude of the first Ni layer decreases to 0.13 Å.
Magnetic properties
Pt adatoms on graphene/Ni carry small magnetic moments, −0.02, −0.05, and −0.19 μ B /Pt atom for br-, ot-, and 6 h-positions. This is in contrast to Pt atoms on free-standing graphene which are non-magnetic. At a frozen bulk-like geometry, the magnetic moments found for the bare graphene/Ni system are almost unaffected by the presence of adsorbate. In the top layer of the substrate the magnetic moments vary between 0.50 and 0.56 μ B (0.54 μ B in the absence of the Pt adatom). Only on the Ni atom almost directly below the Pt atom the magnetic moment is enhanced to 0.63 μ B -this enhancement is remarkable because adatom and substrate are separated by the graphene layer. The induced magnetic moments on the C atoms are −0.01 and +0.02 μ B , only on the two C atoms binding directly to Pt the magnetic moment is reduced almost to zero.
At the relaxed geometry the magnetic moments on the Ni atoms below the depression in the graphene layer are further reduced up to 0.43 μ B , except for the atoms closest to the Pt atom which has a bulk-like moment of 0.65 μ B . The distribution of the magnetic moments in the first Ni layer is displayed in Fig. 4 . The magnetic moments in the second Ni layer vary between 0.60 and 0.66 μ B , they are converged to the bulk value of 0.65 μ B from the third layer onward.
Electronic structure
The strongly increased adsorption energy, the structural deformation of the graphene/Ni substrate and the weak induced magnetism show that there are strong interactions between the Pt adatom and the graphene, and between graphene and the Ni support. In the electronic DOS (see Fig. 1(c) ) this is reflected by a broadening of the 5d-states of the Pt atom. In the DOS of the graphene layer the structure induced by the interaction with the Ni substrate is slightly smeared out as a consequence of the buckling of the adlayer, but the exchangesplitting remains unchanged. 
Magnetic anisotropy
C. Pt dimers on graphene/Ni(111)
In addition to the adsorption energy of the dimer it is also interesting to examine the strength of the binding between the Pt atoms which can be characterized by the cohesive energy of the supported dimer given by
where E Pt stands for the total energy of an isolated Pt atom. For a Pt dimer in the gas phase, scalar-relativistic calculations predict a bond length of 2.35 Å and a spin moment of 2 μ B . Spin-orbit coupling favors the formation of a highmoment state with a total moment of 4.5 μ B oriented along the dimer axis and a MAE of 23.1 meV/Pt atom. 38 On a freestanding graphene layer, a Pt dimer is adsorbed in an upright position with a bond length of 2.38 Å and a distance of 2.11 to 2.26 Å of the lower Pt atom from the buckled graphene layer, depending on coverage, and a spin moment of 1.5 μ B . SOC favors an increased total magnetic moment of 2 μ B at low and 3 μ B at higher coverage, correlated to different MAE's of 5.3 and 11.6 meV/Pt atom, respectively. 
Geometric and energetic properties
The present calculation for Pt on graphene/Ni(111) corresponds to the higher coverage of about 4% studied for Pt/graphene, both upright and flat configurations have been considered, see Fig. 5 . All energetic and geometric parameters are summarized in Table II . In contrast to the dimer on a free-standing graphene layer the stable configuration is a flat-lying dimer with both Pt atoms located slightly off an ot position above a C atom and E coh = −2.896 eV/Pt atom and E ad = −0.999 eV/Pt atom. The corresponding values for an upright dimer with the lower Pt atom in a br position are −2.733 eV and −0.836 eV/Pt atom, respectively. The adsorption energy per Pt atom is increased with respect to free-standing graphene by −0.71 eV for the flat and by −0.35 eV for the upright dimer, such that the presence of the substrate stabilizes the flat geometry. The adsorption energy per Pt atom, however, is lower than for the isolated adatom. This means that while on a free-standing graphene layer the formation of dimers and larger clusters was energetically favored (and facilitated by a high mobility of the Pt atoms), 38 TABLE II. The adsorption energy E ad and the Pt-Pt binding energy E coh , and the Pt-Pt bond length d Pt-Pt of a Pt 2 dimer on graphene/Ni(111) for flat and upright geometries. z Pt-G is height of the (lower) Pt adatom above the average of the graphene sheet, z G-Ni the average distance between the graphene and the top Ni layers, d Pt-C the distance between the (lower) Pt and the nearest C atom. b C and b Ni 1 are the buckling amplitudes of the graphene and the first Ni layers. Results of calculations without (DFT) and including dispersion corrections (DFT+d) are reported. Energies are given in eV/Pt atom, distances in Å.
Geometry
Method on graphene/Ni(111) isolated adatoms are lower in energy. The formation of dimers is also further hindered by a large diffusion barrier given by the difference in the adsorption energies on br and ot sites (see Table I ). The Pt-Pt distance in a flat-lying dimer is 2.54 Å-this is larger than the dimer length on a free-standing graphene layer of 2.46 Å and also slightly larger than the lattice constant of the lattice-matched graphene layer. In both cases the Pt-Pt bond stretches between two ot positions across a hexagon. The adsorbed dimer induces a corrugation of the graphene layer with an amplitude of 0.47 Å. Again the C atoms surrounding the Pt dimer move closer to the Ni substrate, but the C atoms binding directly to the Pt atoms are located slightly above their neighbors, such that the height of the Pt atoms is 2.37 Å above the average height of the C atoms but only 2.06 Å above the nearest C atoms (see Fig. 5(a) ).
The Pt-Pt distance in an upright dimer is 2.395 Å, increased by 0.015 Å compared to the dimer on the free graphene layer. The lower Pt atom is located 2.28 Å above the average height of the buckled C layer but only 1.99 Å above the atoms forming the C-C bridge (see Fig. 5(b) ). The buckling amplitude of the C layer is 0.369 Å, that of the first two Ni layers is 0.147 Å and 0.034 Å, respectively. Compared to Pt dimers on a free-standing graphene layer with the same coverage both Pt-Pt bond length and distance from the graphene layer are slightly increased, but the most important difference is the much larger buckling amplitude of the supported graphene layer, reflecting the substrate-induced stronger adsorption of the dimer.
Magnetic properties
The flat Pt 2 dimer is almost non-magnetic, only the Pt atom located almost directly above a Ni atom of the substrate has a small moment of 0.02 μ B . C atoms directly below the Pt atoms are non-magnetic, the alternating magnetic moments on the other atoms in the graphene layer remain unchanged. The distribution of the magnetic moments in the top layer of the substrate is shown in Fig. 6 , local moments vary between 0.49 and 0.63 μ B .
The upright Pt dimer is magnetic with a total spin moment of 1 μ B (the local moments are 0.70 μ B on the upper and 0.3 μ B on the lower Pt atom). The weak induced magnetism in the graphene layer is hardly affected. The magnetic moments in the top Ni layer vary between 0.52 and 0.57 μ B , only on the Ni atom below Pt the moment is increased to 0.67 μ B . Moments in the 2nd Ni layer range between 0.62 and 0.63 μ B , they are converged to the bulk value of 0.65 μ B from the third layer onward.
Dispersion corrections
Dispersion corrections have a strong influence on the energetics of an adsorbed Pt dimer. For the flat-lying dimer E ad increases from −2.869 to −3.562 eV/Pt atom, E coh from −0.999 to −1.747 eV/Pt atom. Whereas without dispersion corrections the formation of a dimer from two co-adsorbed Pt atoms is an endothermic process, it is now energetically fa- vored by 0.290 eV/atom. The distance of the dimer from the graphene layer is unchanged, but the Pt-Pt distance increases to 2.56 Å. The buckling amplitude of the graphene layer increases to 0.52 Å. For the upright dimer E coh increases from −2.733 to −3.310 eV/Pt atom, E ad from −0.836 to −1.405 Å, i.e., the preference for a flat dimer becomes even more pronounced. The distance of the lower Pt atom from the graphene is unchanged, the dimer length is slightly reduced to 2.386 Å. The buckling amplitude of the graphene layer is 0.44 Å. The energies and distances calculated using the DFT+d approach are summarized in Table II . Changes in the magnetic moments as a consequence of the altered geometry are very modest.
Influence of spin-orbit coupling-magnetic anisotropy
For a flat-lying dimer SOC does not induce the formation of a magnetic moment, the Pt dimer remains non-magnetic. The magnetism of an upright dimer, however, is strongly affected. For magnetization perpendicular to the substrate (i.e., parallel to the dimer axis), the Pt dimer has a spin moment of 0.92 μ B and an orbital moment of 1.17 μ B . The orbital moment on the C atoms is zero, in the first Ni layer the orbital moments vary between 0.043 and 0.047 μ B , only the Ni atom directly below the Pt dimer has a larger orbital moment of 0.056 μ B . In the first Ni layer the spin moments vary between 0.51 and 0.57 μ B (only the Ni atom directly below the Pt dimer has a larger spin moment of 0.66 μ B ). Hence, they are hardly influenced by the presence of the adsorbate. In the second Ni layer the spin moment varies between 0.61 and 0.63 μ B . For magnetization parallel to the substrate (and perpendicular to the dimer axis), the Pt dimer has lower spin and orbital moments of 0.49 μ B and 0.36 μ B , respectively. Again the spin moment is much larger on the upper Pt atom (0.33 μ B ) and the orbital moment is located almost entirely in this site. The spin moments in the Ni substrate are hardly changed, but in-plane magnetization permits the formation of larger orbital moments in the Ni substrate. We calculate 0.071 μ B on the atom directly below the Pt dimer and orbital TABLE III. Spin and orbital moments μ S and μ L , spin and orbital anisotropies μ S and μ L , and magnetic anisotropy energy MAE for a Pt 2 dimer in the gas phase, on a graphene layer, and on a graphene/Ni(111) support. All magnetic moments are given in μ B , the MAE in meV/dimer. moments between 0.050 and 0.063 μ B on the other Ni atoms in the first layer. The easy magnetization direction is perpendicular (corresponding to the larger spin and orbital moments on the Pt dimer), with an MAE of 0.34 meV/atom. The result of a perpendicular anisotropy of the Pt 2 /C/Ni(111) system, in contrast to the in-plane anisotropy of the graphene-covered Ni(111) surface, but in agreement with the perpendicular anisotropy of an upright Pt dimer on a free-standing graphene layer 7 and the axial anisotropy of a gas-phase Pt dimer 38 is remarkable. To compare the MAE's it is important to remember that in our previous studies the MAE was given in units of meV/Pt atom, whereas the MAE calculated in the present work is calculated per atom, including all Pt, C, and Ni atoms. For the entire computational cell with 96 Ni, 48 C, and 2 Pt atoms the MAE is 49.6 meV, to be compared with an MAE of 23.2 meV for the Pt dimer on a free graphene layer and of 46.2 meV for the gas-phase dimer. The magnetic moments, spin and orbital anisotropies, and MAE's of a Pt dimer in the gas phase, on a free-standing graphene layer, and on a graphene/Ni support are collected in Table III. The role of the support is to decrease spin and orbital moments with increasing strength of the interaction, but both remain strongly anisotropic. For a dimer in the gas phase and on graphene, the reduced MAE reflects the decrease in the orbital anisotropy. For Pt 2 /graphene/Ni, however, the orbital anisotropy is further decreased, but the MAE is as large as for the isolated dimer. This means that due to the presence of the Pt dimer the contribution of the Ni support to the MAE has changed sign. This is in line with our analysis of the orbital moments of the substrate atoms which are larger for in-plane than for perpendicular magnetization for the clean graphene/Ni(111) system, whereas the orbital anisotropy is reversed in the presence of an upright Pt 2 dimer.
IV. DISCUSSION AND CONCLUSIONS
Detailed investigations of the energetic, structural, and magnetic properties of Pt atoms and dimers deposited on a graphene layer supported on a Ni(111) substrate have been presented. The influence of dispersion forces and of spinorbit coupling has been investigated. In accordance with earlier work we find that dispersion forces are necessary to bind the graphene sheet to the Ni substrate. The magnetism of Ni induces weak magnetic moments of opposite sign on the C placed above the substrate atoms and the fcc hollows of the Ni(111) surface. The graphene-Ni distance and binding energy predicted by the simple DFT+d approach for the chemisorbed layer are in good agreement with high-level RPA-ACFDT calculations 25, 26 and with experiment. Calculations including SOC predict weak orbital moments on the substrate atoms and an in-plane MAE of 0.145 meV/atom.
The stable adsorption site of an isolated Pt atom is in a bridge-position between two C atoms of the graphene layer. While the adsorption site is the same as on a free-standing graphene sheet, the adsorption energy is almost twice as large, the Pt atom also induces a strong, rather complex corrugation of the graphene layer and of the top Ni layers. Dispersion corrections increase the adsorption energy by about 9 pct and lead to a slight increase of the Pt-graphene distance by 0.03 Å. The buckling of the graphene layer induced by the adatom is stronger and qualitatively different from that found for free-standing graphene. While the C atoms of the free layer binding to Pt move outward, the adatom is located in a deep and broad depression of the supported layer. Its origin is the polarization of the graphene layer by the adatom which leads also to a locally stronger interaction between graphene and the Ni support. For the C atoms directly coordinated to Pt, however, the stronger Pt-C interaction dominates such that the atoms forming the C-C bridge are located above the surrounding part of the graphene layer.
An isolated Pt adatom is almost non-magnetic and the small magnetic moments on the C atoms remain almost unchanged. However, the Pt atom induces a slight increase of the magnetic moment of the Ni atom directly below. The weak in-plane magnetic anisotropy is further reduced by the adatom.
A Pt 2 dimer is adsorbed on graphene/Ni in a flat configuration with the Pt atoms close to on-top positions on both sides of a sixfold hollow, an upright dimer located in a C-C bridge is by 0.16 eV/Pt atom higher in energy. This is in marked contrast to a Pt 2 dimer on free-standing graphene where an upright geometry is energetically favored by 0.193 eV/Pt atom. The change in the geometry is caused by the strong interaction of the second Pt atom with the support. In both cases the graphene layer is strongly corrugated, with a geometrical pattern similar to that discussed for the adatom. Dispersion corrections increase the structural energy difference in favor of the flat dimer to 0.34 eV/Pt atom, they also stabilize the dimer relative to two isolated adatoms. The flat dimer is non-magnetic, the upright dimer carries a magnetic moment of 1 μ B . For the flat dimer a non-magnetic state has also been found on free-standing graphene, for the upright dimer the spin moment is reduced compared to a value of 1.5 μ B in the absence of a substrate.
Relativistic calculations have been performed only for the magnetic upright dimer. While for Pt 2 on free-standing graphene we had found at the coverage considered in the present work an enhanced total magnetic moment of ∼3 μ B for the easy magnetization direction parallel to the dimer axis, on the supported graphene layer we find only a total magnetic moment of ∼2.1 μ B . In both cases the orbital moment is larger than the spin moment, both spin and orbital moments are strongly anisotropic. The presence of Pt dimers on the C/Ni(111) surface leads to a re-orientation of the easy magnetization direction from in-plane to perpendicular, as for a dimer on a free-standing graphene layer.
The conclusions to be drawn from our results concern both the computational methodology and the physical properties of transition-metal atoms and clusters on metal-supported graphene layers. The first point to note is the reduced mobility of Pt adatoms-the diffusion barrier increases from 0.18 eV to 0.72 eV due to the presence of the Ni support. The substrate also affects the relative stability of isolated adatoms and dimers. On a free-standing graphene layer the formation of dimers and larger clusters is energetically favored. On graphene/Ni dimer formation is an endothermic process in the absence of dispersion forces but exothermic if dispersion forces are taken into account. The magnetic properties of the system are of central interest and we note that (i) a graphenecovered Ni(111) surface has a weak in-plane MAE of 0.145 meV/atom. (ii) The presence of Pt adatoms leads to a locally increased interaction between graphene and the support and a complex reconstruction of the adlayer. The easy magnetization direction remains in-plane and the MAE is further reduced. (iii) Even without dispersion corrections, a flat Pt 2 dimer is energetically more favorable on graphene/Ni(111) than an upright geometry-in contrast to the situation for unsupported graphene. (iv) A flat dimer is non-magnetic and for the upright dimer the strongly anisotropic spin and orbital magnetic moments are reduced by the presence of the substrate. (v) For the upright dimer we find an easy magnetization direction perpendicular to the substrate, as on the free-standing graphene layer and corresponding to the axial anisotropy of the gas-phase dimer. This means that the magnetic anisotropy of the dimer is strong enough to induce a re-orientation of the easy magnetic axis relative to the clean C/Ni(111) system. Dispersion corrections of the DFT results necessary to stabilize the adhesion of a graphene layer on a Ni(111) substrate. It is important to note that the simple semiempirical DFT+d approach predicts an adsorption energy and graphene-Ni distance in good agreement with the more elaborate and computationally much more demanding RPA-ACFDT method. This permits to extend the investigations to the much larger models required for the Pt n /graphene/Ni system. Dispersion corrections lead to a modest increase of the adsorption energy of a Pt atom on the supported graphene layer and to a more pronounced enhancement of the adsorption energy of a dimer whose formation is energetically favored only by the dispersion forces. The preference for a flat dimer geometry is also further increased by dispersion corrections. The influence on the geometric properties is, however, very small.
The important result of this study is to demonstrate strong indirect interactions between metallic adatoms and a metallic, ferromagnetic substrate mediated by the graphene layer. These effects induce a strong reconstruction of the graphene layer and favor geometries permitting a stronger coupling between adatoms and graphene, they also reverse the relative stability of isolated adatoms and dimers. For loosely bound configurations of the dimer the stronger SOC of the heavy adsorbates dominate the magnetic anisotropy. Similar effects could also lead to a strong MAE of nanostructures on supported graphene layers which are large enough to stabilize a three-dimensional structure.
